Two studies are introduced to discuss how color categories are established and separated. In the first study, the neural representations of color category in prelingual infants were studied with near-infrared spectroscopy (NIRS) technique. While the NIRS signals in the occipito-temporal area showed increased response to alternations of colors across categories but not for color changes within a category, no difference between these category conditions was observed in the occipital area. The second study demonstrated that the separation of basic color categories is an on-going event. The separation of color category from one blue category to two (light-blue and dark-blue) blue categories was tested, after the k-means clustering analysis was applied to the color-naming data of modern Japanese speakers. Surprisingly, it showed significant progress in the reduction of overlaps between the two blue categories, in comparison to a previous study on Japanese in 30 years ago. Together with other supporting evidences, including studies in non-human primates, the neural basis of the emergence and separation of color categories will be discussed.
Introduction
Although our visual system can discriminate more than thousands of colors, individuals only use tens of color names on a daily basis. In most cases, each color name refers to a group of similar colors, a color category [1, 2] .
Most of the research on color categories are based on color terms, given that naming colors is the easiest way to communicate one's perceived color. However, relying on words may prevent the capture of those color categories that are difficult to verbalize. For example, farmers categorize the ripeness of a fruit by its surface color appearance. Although it may be difficult to describe the differences by words, farmers might implicitly hold a 'label' in their mind, which is not always intelligible to another person. In contrast, visual tasks performance is significantly affected by color categories. It was previously reported that the existence of a distinctness between light blue (goluboy) and dark blue (siniy) categories in Russian speakers shortened the response times in a visual search task [3] .
Therefore, the following questions may arise: When such color categories are established as neuronal representations? How are they separated into subcategories? In the present chapter, I would like to address these questions by introducing two recent meaningful studies on color categories [4 ,5 ].
Brain activity related to color categories in prelingual infants
Color categories may implicitly develop under the pressure of survival. Given that the use of words is not necessary, considering the farmer's example and the presence of color categories in non-human primates (the latter will be explained later in details) [28] [29] [30] , color categories could already exist in the brains of human infants. It follows that, although several behavioral studies reported the presence of color categories in pre-lingual infants [6] [7] [8] [9] [10] [11] , not many attempts were made to measure the cortical activity related to color categories in infants.
A noninvasive brain-imaging technique, referred to as nearinfrared spectroscopy (NIRS), was employed in the current investigation [4 ] , as it enables the estimation of the brain activity through the measurement of neurons' oxygen consumption. Specifically, the NIRS device emits and receives infrared light from the participants' scalps through optical probes. A portion of the light that entered the scalp then re-emerges in a nearby surface following scatter and absorption, which is used to estimate the light absorption by hemoglobin (Hb) in the cortex. A commercial NIRS system (ETG-4000; Hitachi Medical, Japan) with a set of optical fiber probes designed for infants were here used.
NIRS recording methods
Infant participants of 5-7 months of age were recruited in this study, which is the age range in which the basic ability to discriminate the red/green and yellow/blue colors is established (by four months) [12, 13] , while the achievement of systematic brain activities relevant to languages is yet to occur (after 10 months) [14] .
The cortical activity from two recording sites, namely the occipito-temporal (OT) and occipital (Oz) regions, was measured ( Figure 1a) . While the OT region is considered to include areas for higher-level visual processing, such as face recognition [15] or color categories [16] , the Oz region is known to reflect the responses of the early visual cortex to lower-level features [16, 17] , such as brightness and color differences. The comparison of NIRS responses in OT and Oz areas would clarify whether the infants' NIRS response differences between category conditions, if present, was due to any apparent differences caused by difference in visual sensitivity from that of adults [18] .
The main stimuli were color alternations between either two shades of greens (G1 , G2) or between blue and green (B1 , G1) (Figure 1b ), according to a previous behavioral study on color category in infants [8] . The color differences between paired colors are equated in a colorimetric measure: CIE DE* LAB .
To isolate the color-related responses, shape alternations were also presented as the baseline stimuli (Figure 1b) . A mean of 3 s before the onset of color alternation was defined as the baseline of the NIRS signal, and the changes from such a baseline were normalized to the standard deviation during the baseline period (Z-score) to remove individual differences in the absolute amplitude of the NIRS signal. Finally, while the NIRS data with a stimulus gaze duration lower than 7 s were discarded, more than three trials for each category condition were used for formal analysis.
Results of infants' NIRS responses
Infants' brain activity showed significant differences for color alternations between and within category conditions. A significant increase in the NIRS signal amplitude was found in the responses from the OT cortex during the presentation of between-categories alternations, even though the same was not valid during the display of within-category alternations (Figure 2a ). In addition, the same stimulus was also tested in adults (N = 6; all right handed) and a significant difference between the two hemispheres was not found. Since language related brain regions for color categorization resides in the left hemisphere of right-handed adults [10, 46] , in general, the brain activity obtained does not represent a languagerelated response.
The result of the NIRS responses in infants' Oz area reported a significant increase in both conditions, even though a difference between the category conditions was not observed (Figure 2b ). This suggests that infants' OT areas were not simply responding to some apparent differences, such as brightness and color differences.
Behavioral confirmation of infants' color category
Furthermore, whether infants' category boundary is the same as the adults' was evaluated with a habituation technique. Briefly, infant participants were exposed to either one of the two colors in the same luminance and the changes in gaze to the colors after a long exposure (60 s) were examined. If infants recognized the two Repeated as much as infants can participate (>= 3 cycles).
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Infant's cortical response recording method [4 ] . colors as belonging to different categories, the relative duration of gaze to the non-habituated color would be longer (>50%) [7] .
In concordance, our results show that the relative looking time to the non-habituated color was significantly longer than 50% only when the color pairs were chosen across the categories boundary (Figure 2c ), while no significant bias from 50% was found before habituation (pre-test in Figure 2c ) for all color pairs. This indicates the category boundary of the green and blue to be similar between infants and adults.
Emergence and separation of color categories Kuriki 23 Results of the infants' study (N = 12) [4 ] . (a), (b), Results of the NIRS recordings. The horizontal axis represents the time after the onset of the color alternations. The vertical axis illustrates the oxy-Hb signal increase from the baseline, after normalization (Z-score) to the mean and SD of the signal of 3 s before the onset. The responses to color alternations between color categories (red lines) shows significant increase from the baseline, while not for color alternations within a color category (blue line) in OT. This difference was not found in the Oz region. Significant differences between the two hemispheres were not found in the OT region. (c) Results of habituation experiment. Relative looking time to the non-habituated (target) color was significantly longer (**: p < 0.01), only when the color pair was chosen across the category boundary (B1/G1 condition).
Separation of color categories observed in modern Japanese
Recent studies derived color categories by using a kmeans cluster analysis combined with the Gap statistics [19] [20] [21] . The uniqueness of this technique is the treatment of categories as a set of color chips and not by color terms. Therefore, the k-means analysis will treat the set of color chips as a 'vector' and the similarity between vectors is calculated to evaluate the similarity in categories between participants. This computational analysis may allow the discovery of color categories that are not commonly named, even though they are recognized as a set of color that could be implicitly shared across individuals. For this reason, this method was here applied to the colornaming data of Japanese adult speakers [5 ] .
A total of 57 participants were required to name the 330 color chips used in the World Color Survey (WCS [2] ), one by one, under a fluorescent lamp that simulates the daylight spectrum (approx. 6000K in color temperature). While participants were allowed to use any single word, combining words (e.g. reddish purple) and adding a modifier (e.g. pale pink) was not permitted (i.e. the monolexemic restriction). Instead, participants could use an object name only when applicable to general items [1, 2] . The average number of color terms used by each participant was 17.7 [5 ] .
Successively, the k-means and Gap statistics analyses [21] were applied to derive the optimal number of clusters (i.e. color categories) in Japanese speakers, which resulted to be 16 for chromatic colors (19 in total after adding the black, gray, and white categories; Figure 3a) . These 16 categories are labeled after the most frequently used color terms. One of the remarkable points of our results is a color category named 'mizu' (literally, water), that is the lighter part of the blue category, whereas the darker part was named 'ao' (literally, blue). This 'mizu' term was used by 98% of participants, suggesting that it was employed as frequently as the eleven universal basic color terms.
The words 'mizu' and 'sora' for the light blue category were previously reported in a study on Japanese basic color terms (N = 10) [22] , but they were not considered as basic colors given the lack of exclusiveness. They 
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Results of the k-means analysis (modified from Ref. [5 ] ). (a) 16 chromatic categories, derived by k-means clustering analysis. The optimal number of clusters, that is 16 was derived by Gap statistics for chromatic color chips. Categories are labeled with the most frequently used Japanese term, and names in brackets represent their English translations. (b) Thee subtypes of categorization ('motif') for the combined data set of Japanese [5 ] and U.S. English [23] speakers. Population of Japanese (JP) and U.S. English (US) speakers in each motif was as follows: Motif 1, JP: 4/US: 36; Motif 2, JP: 51/US: 2; Motif 3 JP: 2/US: 13. Most remarkable differences were found in the green-blue region; Motif 2 has a light blue ('mizu') category and Motif 3 has a bluish-green ('teal') category, while Motif 1 has just blue and green categories. Asterisks (*) in the bottom row of all three motifs represent color chips that were named with black or an equivalent term.
calculated the percentage of color chips in the 'ao' category that were at least once named both 'mizu' and 'ao' by different participants. The results were 79% for the 'mizu/ao' pair and 80% for the 'sora/ao' pair. Similar ratios were derived in our study by randomly picking the data of 10 participants to equate the number of samples and repeating this procedure for 10 000 times. The median for the 'mizu/ao' pair in our data was 59% [5 ] , which is as low as that for the two basic color terms 'aka (literally, red)/ pink' in the previous study [22] . Our results clearly demonstrate the progress of color-category separation in the last 30 years.
Emergence and separation of color categories Kuriki 25 [29] ) and the human psychophysics results (right [31] ). Triangle area represent color rendering limit of computer displays on CIE xy chromaticity diagram. (c) Concept of hierarchical neural representation of color categories. Each ellipse represents a category-selective neuron and the color represents its type of selectivity. Quoted words are the labels of each color category. Furthermore, our results imply an effect of the cultural/ language community on color categorization. In fact, an analysis on combined data from U.S. English [23] and Japanese speakers yielded three subtypes of color categorization ('motifs'; Figure 3b ) [5 ] . While majority of the Japanese participants (89.5%) were classified to motif 2 with the 'mizu' category, only 4% of the U.S. participants were classified to this motif (Figure 3b ).
Achievement and separation of color categories
The separation of color categories occurs through the development of color vocabulary [1] . The history of separation between green and blue was studied for both English [24] and Japanese [5 ,25,30] . The universal separation between basic colors [1, 2, 33] and the finding of color categories in pre-lingual infants [4 ,6-8] suggest that the neural basis underlying some category borders may be innate. A recent behavioral study in infants pointed out that the major boundaries of color categories reflect the property of cone-opponent systems [26 ] , and similar result was also pointed out in adults' study [27] .
Furthermore, several studies indicated the presence of color categories in non-human primates. A behavioral study reported that a chimpanzee could perform a 'color-naming' task [28] . After the chimpanzee has learned the associations between buttons and sample (basic) colors, she was then tested with nearly 300 colors of WCS color chips [2] . The chimpanzee was able to categorize all the test colors (mostly the untrained ones) in a similar way to humans. In addition, studies performing electrophysiological recordings in macaque monkeys [29, 30] reported the presence of neurons in the inferior temporal (IT) cortex exhibiting selectivity to a similar group of colors (i.e. color category). Some neurons' selectivity showed a high similarity to human psychophysical data [31] . These studies also support that language is not always necessary to achieve color categories.
This finding may seem to be in contrast with the strong influence of language on the visual search performance [3] . However, the selectivity of neurons in the macaque's IT cortex [29] provides means to clarify this issue. In fact, this research indicates the existence of neurons with a slightly different preference to the greenish colors (i.e. yellowish and bluish greens: Figure 4b , panels A and B [29] ), which may be unified to one 'green' category. Therefore, it is likely that the output of each neuron, selective to similar color preferences, is much smaller than the group of colors that correspond to a word, and the outputs are bound to fit to the consensus of the color category in each cultural or linguistic background. In contrast, the separation of the color category may occur via the re-labelling around the boundaries pre-defined by neurons.
The presence of two blue categories seems to be common, at a glance, not only in Russian [3, 44] and Japanese [5 ] , but also in multiple languages [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . This suggests that the boundaries of the major color categories may be a result of a common physiological structure of the human color vision, in addition to the statistical property of natural scenes [32, 45] .
Conclusions
The achievement of color category could begin before the acquisition of languages, possibly based on physiological restrictions or property of natural scene statistics. The color categories are later reorganized through learning process and experiences in a cultural/language group. The apparent split of category may take place by updates of labeling after reorganization of neuron outputs to fit the concurrent consensus within the cultural/language group.
